Molecular chaperones are necessary for protein folding in cells
===============================================================

For most proteins to perform their functions in cells, they should form their native structures, which are coded in their amino acid sequences. Thus, the formation of protein structure (protein folding) is an essential process in all living organisms. The structure of native proteins depends on the minimum free energy, which is determined by a balance between the decrease in free energy (ascribed to the formation of hydrogen bonding, electrostatic interactions, van der Waals interactions, and hydrophobic interactions) and the increase in free energy (due to the decrease in conformational entropy upon folding). As a result, most proteins have low (marginal) stability and are easily destabilized by small deviations in temperature or pH from the native condition, or by spontaneous denaturation in conformational equilibrium. As Charles Anfinsen has shown \[[@b1-11_93]\], in some cases, proteins can spontaneously fold from an unfolded (denatured) state into their native structure *in vitro*. However, for many proteins, it is practically difficult to fold spontaneously, since the irreversible protein aggregate formed by the interactions between long-lived denatured proteins results in the low yield of spontaneous folding. This becomes more problematic in cells where unfolded proteins are constantly produced by ribosomes as nascent proteins.

Molecular chaperones were first discovered as proteins that were expressed upon heat shock and were thus named as heat shock proteins (HSPs) \[[@b2-11_93]\]. Although the function of HSPs had been unknown for a while, in the late 1980s, it was demonstrated that many proteins require the assistance of molecular chaperones to fold into their native states *in vivo* and *in vitro* \[[@b3-11_93]--[@b6-11_93]\]. Molecular chaperones are categorized into several classes, each of which has a distinct amino acid sequence and tertiary structure. Major molecular chaperones are chaperonins and the Hsp70 chaperone system. The Hsp70 chaperone system consists of Hsp70, Hsp40, and nucleotide exchange factors, and facilitates the folding of denatured protein in the ATP hydrolysis-dependent reaction cycle \[[@b7-11_93]\]. The affinity of denatured protein to Hsp70 becomes weak in the ATP-bound state and strong in the ADP-bound state. Both Hsp70s and Hsp40s recognize short hydrophobic peptide region in denatured protein \[[@b8-11_93]\]. The detailed molecular mechanism by which the Hsp70 system assists in protein folding is yet unclear.

Chaperonins form a double ring structure stacked back-to-back, and assist protein folding in the central cavities ([Fig. 1A](#f1-11_93){ref-type="fig"}). The class of chaperonins are subdivided into two groups. Group I chaperonins are found in bacteria as well as organelles of endosymbiotic origin, mitochondria and chloroplasts, and consist of Hsp60 and its co-chaperone Hsp10. Hsp10 associates with Hsp60 to cap the cavity of Hsp60 to form the closed chaperonin cage in which denatured protein folds. In many cases, Hsp60 and Hsp10 are homo-oligomer. Group II chaperonins are found in archaea and the cytosol of eukaryotes. Although Hsp10-type co-chaperones have not identified for group II chaperonins, the subunits of group II chaperonins contain "lid" domain to close their cavity instead. Archaeal chaperonins are composed of several different subunits and form eight-or nine-membered hetero-oligomeric rings. Eukaryotic chaperonins consist of eight different subunits. One of the most investigated molecular chaperones is the chaperonin GroEL/GroES from *E. coli,* which is essential for bacterial viability. The *in vitro* demonstration that the chaperonin greatly improves the folding of Rubisco, a key enzyme in carbon-fixation from photosynthetic bacteria, was a pioneering study elucidating the folding mechanism of chaperonins \[[@b4-11_93]\].

The chaperonin GroEL consists of two rings stacked back-to-back, and each ring contains seven GroEL subunits ([Fig. 1A](#f1-11_93){ref-type="fig"}). Hydrophobic residues, which interact with a denatured protein and GroES, are aligned on the inner rim of the central cavity of GroEL \[[@b9-11_93],[@b10-11_93]\]. GroES, a lid of the cavity, has seven mobile loops that interact with the hydrophobic surfaces of GroEL. Upon ATP binding to GroEL, GroEL binds GroES and undergoes conformational changes to form a large hydrophilic cavity (the chaperonin cage) in which a denatured protein is encapsulated \[[@b11-11_93]\] ([Fig. 1B](#f1-11_93){ref-type="fig"}). In the absence of the denatured protein, either one of the two rings of GroEL binds to GroES \[[@b12-11_93]\]. However, in the presence of excess denatured protein, both rings of the chaperonin bind to GroES and assist in the folding of the denatured protein equivalently \[[@b13-11_93]--[@b17-11_93]\]. Chaperonins greatly improve the yield of protein folding, especially for stringent substrate proteins that tend to form aggregates during spontaneous folding, such as Rubisco and rhodanese, a mitochondrial protein that detoxifies cyanide \[[@b4-11_93],[@b18-11_93]\]. Aggregate-forming interactions among the denatured proteins are prevented through the physical isolation of the denatured protein in the chaperonin cage. Based on these observations, it was deduced that the encapsulated denatured protein freely folds in the chaperonin cage (Anfinsen (passive) cage model, [Fig. 2A](#f2-11_93){ref-type="fig"}).

In addition to this passive folding mechanism, two active folding mechanisms have also been proposed. The iterative repetition of the binding of denatured proteins to GroEL and their release from GroEL, synchronized with ATP hydrolysis, has been proposed to accelerate protein folding (iterative annealing model, [Fig. 2B](#f2-11_93){ref-type="fig"}). It has been proposed that protein folding is accelerated in the chaperonin cage by the space restriction therein (confinement model, [Fig. 2A](#f2-11_93){ref-type="fig"}). Recently, it was also suggested that the structured water molecules induced by the negatively charged residues of the chaperonin cage accelerate protein folding \[[@b19-11_93]\].

In contrast to the former assumption that the denatured protein is completely encapsulated inside the chaperonin cage and is repulsive to the cage, we recently found that the denatured protein is not completely encapsulated inside the chaperonin cage, but interacts with hydrophobic residues at the subunit interface of the chaperonin ([Fig. 1B](#f1-11_93){ref-type="fig"}). Moreover, the denatured protein partially protrudes out of the chaperonin cage and, in some cases, escapes spontaneously out of the cage. To explain these results, we proposed a new model, whereby the hydrophobic interaction between the denatured protein and GroEL induces the stretching of the denatured protein, changes the pathway of protein folding, and, in some cases, accelerates folding (Tethering model, [Fig. 2C](#f2-11_93){ref-type="fig"}) \[[@b20-11_93]\]. In this review, we will explain our recent results and introduce our model for the mechanism by which the chaperonin accelerates protein folding.

The interaction between denatured proteins and the chaperonin cage
==================================================================

Upon GroES and ATP binding to the complex formed between GroEL and the denatured protein, the denatured protein is encapsulated inside the chaperonin cage and the protein folding reaction starts. After ATP molecules are hydrolyzed to ADP in \~10 s, GroES and the encapsulated protein are released from the chaperonin cage. The iterative GroES binding and release from GroEL, coupled with ATP hydrolysis, complicates the analysis of the folding reaction in the chaperonin cage. To avoid this complication, a single-ring chaperonin mutant of SR1, which undergoes single-round protein folding without the release of GroES, has been used ([Fig. 2A](#f2-11_93){ref-type="fig"}) \[[@b21-11_93]\]. Before our experiments, it was considered that all denatured proteins bound to GroEL and SR1 are encapsulated inside the chaperonin cage. We confirmed that the entire denatured protein is encapsulated inside the chaperonin cage upon GroES binding, but we further found that after encapsulation, a fraction of the denatured protein escapes from the closed chaperonin cage ([Fig. 2C](#f2-11_93){ref-type="fig"}) \[[@b20-11_93]\]. Therefore, the previous report that about half of the folded green fluorescence protein (GFP) appears outside of the SR1 cage \[[@b22-11_93]\] is now interpreted as a result of the spontaneously folding of escaped GFP in the medium \[[@b20-11_93]\]. The fraction of escape is dependent on the substrate protein. About 90% of the double mutant of maltose binding protein (DMMBP, MBP(V8G/Y283D)) escaped from the chaperonin cage, 15% of rhodanese escaped from the cage, but Rubisco hardly escaped \[[@b20-11_93],[@b23-11_93]\]. Proteases, antibodies against substrate proteins, or the highly hydrophobic GroEL mutant N265A, added to the outside medium, inhibit the protein folding inside the SR1 cage, supporting that the denatured protein protrudes out of the chaperonin cage at least transiently \[[@b20-11_93]\]. Although the protrusion and escape of the denatured protein have not been previously observed, the chaperonin cage indeed has many windows, the diameters of which range from 10 to 20 Å ([Fig. 1B](#f1-11_93){ref-type="fig"}). These results imply that the conformation of the denatured protein in the cage is stretched rather than compacted.

The protrusion site of the denatured protein encapsulated inside the chaperonin cage was searched by detecting the formation of disulfide bonds between cysteine residues introduced to GroEL and those contained in denatured rhodanese \[[@b20-11_93]\]. In the absence of ATP, denatured rhodanese forms disulfide bonds with F44C, Y203C, R231C, and V264C exposed inside the chaperonin cage ([Fig. 1B](#f1-11_93){ref-type="fig"}, left). These disulfide bonds are formed even after large conformational changes in GroEL upon GroES/ATP binding. Y203C and V264C are moved to the hydrophobic interface between GroEL subunits and become less exposed inside the chaperonin cage ([Fig. 1B](#f1-11_93){ref-type="fig"}, right). R231C is moved upward and is located beneath the GroES/polypeptide binding surface. The outward movement of these hydrophobic surfaces upon GroES binding could induce the stretching of the denatured protein as suggested in the iterative annealing model. Since the denatured protein binds to antibodies against the denatured protein outside of the cage at any moment in the chaperonin-mediated folding, it is suggested that the denatured protein always interacts with these hydrophobic residues in the chaperonin cage and protrudes out of the cage (tethered intermediate, [Fig 2C](#f2-11_93){ref-type="fig"}) \[[@b20-11_93]\]. The interaction of the denatured protein with dispersed hydrophobic residues in the chaperonin cage would stretch the denatured protein partially and allow the free stretched region to form partial (segmental) structures ([Fig. 3](#f3-11_93){ref-type="fig"}). This stretching effect would not induce extensive unfolding and amide proton exchange of the denatured protein, as observed in Rubisco, DHFR, and MDH \[[@b24-11_93]--[@b26-11_93]\]. The hydrophobic GroES/polypeptide binding surfaces of three GroEL subunits could be reserved for the binding of the denatured protein, since GroEL or GroES oligomers containing up to three binding-defective subunits, whose residues interacting with the GroES/polypeptide binding surface are mutated, can mediate protein folding \[[@b27-11_93],[@b28-11_93]\]. We also found that the SR1(Y203) mutant allows more escape of the denatured rhodanese out of the chaperonin cage, and folds rhodanese more slowly than SR1 does, indicating that hydrophobic interfaces are important for both the retention of the denatured protein inside the cage and folding acceleration.

The measurement of the "real" in-cage folding
=============================================

The above-mentioned results also showed that the elimination of spontaneous folding outside the chaperonin cage is necessary to measure the chaperonin-mediated folding inside the cage (in-cage folding). This point has not been noticed in previous studies but is especially important for the correct comparison between chaperonin-mediated folding and spontaneous folding. To measure in-cage folding exclusively, trapGroEL(D87K), a mutant of GroEL which binds denatured proteins but cannot mediate folding \[[@b10-11_93]\], was added to the folding reaction solution. We also found that guanidium chloride, which was often used to denature substrate proteins, induces artifacts that increase in the escape of denatured proteins out of the cage and destabilize GroES binding to SR1, which enables SR1 to fold substrate proteins in an iterative manner as GroEL does \[[@b23-11_93]\].

In several reports, guanidium chloride was used without considering the iterative folding cycle of SR1 \[[@b19-11_93],[@b29-11_93]--[@b31-11_93]\]. Furthermore, we found that more than 90% of denatured DMMBP escapes out of the chaperonin cage of SRKKK2 mutant, whose three negatively charged residues (D359, D361, and E363) inside the cage are mutated to positively charged lysine. Thus, the SRKKK2-mediated folding in the above reports \[[@b19-11_93],[@b29-11_93],[@b30-11_93]\] was in fact spontaneous folding \[[@b23-11_93]\]. To measure the in-cage folding mediated by SR1 and SRKKK2, urea, which does not induce above artifacts, should be used as the denaturant.

Discussions on the previous models
==================================

The previously proposed models for the mechanism of chaperonin-mediated folding are still controversial. The arguments for each model are summarized below.

1. Passive cage model
---------------------

In support of this model, it was reported that the rate of the chaperonin-mediated folding and that of the spontaneous folding of some proteins, such as wild-type MBP \[[@b29-11_93]\] and GFP \[[@b32-11_93]\], are almost the same at 25°C. However, the chaperonin-mediated folding of rhodanese and mouse dihydrofolate reductase (DHFR) is slower than the spontaneous folding of these proteins \[[@b20-11_93],[@b33-11_93]\]. For these substrate proteins, chaperonins seem to merely prevent the formation of aggregates, supporting the passive cage model. In contrast, it has been reported that the chaperonin-mediated folding of Rubisco is about four times faster than that of spontaneous folding at a low temperature \[[@b34-11_93],[@b35-11_93]\]. Horwich and colleages suggested that the slow spontaneous folding of Rubisco can be attributed to the formation of small reversible aggregates \[[@b36-11_93]\]. However, using fluorescence cross-correlation spectroscopy (FCCS), Hartl and colleages showed that denatured DMMBP or dihydrodipicolinate synthase (DapA) does not form any aggregate, but chaperonins still accelerated the folding of these proteins \[[@b29-11_93],[@b37-11_93]\]. Thus, the chaperonin cage does not always act passively in protein folding.

2. Iterative annealing model
----------------------------

This model proposed that the conformational changes in the chaperonin upon GroES binding induce a stretch-induced unfolding of denatured protein and the folding of denatured protein released inside the chaperonin cage. Incompletely folded proteins undergo further iterations until they achieve the native state. Lorimer and colleages proposed this model \[[@b38-11_93]\] and reported that the iterative folding by the chaperonin induces rapid amide proton-tritium exchange in Rubisco folding \[[@b39-11_93]\]. This model is also supported from simulation studies \[[@b40-11_93]\]. However, the rapid hydrogen exchange could not be reproduced by Horwich and colleages \[[@b24-11_93]\]. In addition, they reported that the amide proton-solvent deuterium exchange of mitochondrial malate dehydrogenase (MDH), a stringent substrate protein, does not increase upon encapsulation of denatured MDH into the chaperonin cage in contrast to the iterative annealing model \[[@b26-11_93]\]. Hartl and colleages reported that the folding rates of Rubisco mediated by SR1 and GroEL are almost the same, indicating that iterative annealing does not accelerate protein folding \[[@b35-11_93]\]. However, Rye and colleages recently proposed that forced unfolding of denatured Rubisco upon ATP binding and subsequent compaction of denatured Rubisco upon GroES binding accelerate Rubisco folding \[[@b41-11_93]\], and iterative annealing becomes effective at higher temperatures \[[@b42-11_93]\]. Although the effect of iterative annealing on Rubisco is still controversial, folding acceleration by iterative folding has not been observed in other proteins. We observed the coincidence of the folding rates mediated by SR1 and GroEL for DMMBP, even though about 90% of denatured DMMBP escaped out of the SR1 cage, suggesting that the recapture of denatured DMMBP by GroEL and the subsequent binding of GroES on the DMMBP-bound GroEL ring are very rapid and do not accelerate or decelerate the folding rate \[[@b23-11_93]\]. The turnover rate of chaperonins in the presence of the denatured protein is \~10 s at 25°C, and becomes shorter at higher temperatures \[[@b42-11_93],[@b43-11_93]\]. The rapid turnover may help in maximizing the capacity of GroEL to capture up to two molecules of the denatured protein without reducing the folding rate, at the expense of ATP, but not in accelerating protein folding.

3. Confinement model (Space restriction effect)
-----------------------------------------------

The rapid decrease in the fluorescence anisotropy of denatured proteins upon GroES binding was reported and explained as the compaction of the denatured proteins, on the basis that florescence anisotropy reflects the radius of gyration of the labeled molecule and the fluorescence dye itself \[[@b44-11_93]\]. Observations of the conformation of Rubisco using fluorescence resonance energy transfer (FRET) showed that the distance of labeled fluorescence dyes becomes closer upon GroES binding than that before GroES binding \[[@b34-11_93]\]. Some simulation studies also proposed that the space restriction in the chaperonin cage accelerates protein folding, as the denatured protein is assumed to be repulsive to the chaperonin cage \[[@b45-11_93],[@b46-11_93]\]. Supporting the simulation studies, Hartl and colleages reported that the decrease in the volume of the chaperonin cage by extension of the C-terminal peptide of GroEL induces accelerated folding of some proteins \[[@b29-11_93]\]. However, Horwich and colleages revisited their experiments and showed that the extension of the C-terminal peptide does not result in folding acceleration \[[@b47-11_93]\].

Hartl and colleages also reported that the DMMBP mutant, containing two disulfide bonds, folds rapidly and is not accelerated by chaperonins, whereas the DMMBP mutant without disulfide bonds folds slowly and is accelerated by chaperonins \[[@b19-11_93]\]. Based on these results, it was proposed that conformational restrictions induced by disulfide bonds are similar to those induced by space restriction in the chaperonin cage \[[@b19-11_93]\]. However, since the disulfide bond in N18C/D296C is in the core structure of the early folding intermediate, which is destabilized by the double mutations of V8G and Y283D, this disulfide bond could neutralize the destabilization effect \[[@b48-11_93]\]. The disulfide bond in D184C/ K362C would stabilize the structure of the C-terminal domain formed at the late folding step \[[@b48-11_93]\]. Therefore, the formation of two disulfide bonds could counteract the destabilization by the double mutations, and as a result, DMMBP mutant may behave like wild-type MBP, the folding of which is not accelerated by chaperonins. Recently, Hartl and colleages showed that the folding of DapA (31 kDa) is accelerated by approximately 30-folds by chaperonins. Since the molecular weight of DapA is smaller than that of molecules that were efficiently accelerated by chaperonins in the simulation studies \[[@b45-11_93],[@b46-11_93]\], the acceleration of folding by chaperonins may not be explained solely by the space restriction effect.

It is also proposed that space restriction is induced by structured water molecules bound on the surface of the chaperonin cage. Chakraborty *et al.* reported that the negatively charged residues, which are mutated in SRKKK2, and osmolyte trimethylamineoxide (TMAO) similarly contribute to form water structures on the surface of the chaperonin cage \[[@b19-11_93]\]. This hypothesis relies on the fact that the rates of SRKKK2-mediated folding and spontaneous folding are the same at various TMAO concentrations. However, the SRKKK2-mediated folding measured in this study turned out to be spontaneous folding out of the SRKKK2 cage, as described above. Moreover, the measurement of the correct in-cage folding with increasing concentrations of TMAO reveals that the SRKKK2-mediated folding is not accelerated by TMAO, but the SR1-mediated folding and the spontaneous folding are accelerated, suggesting that the mechanism of spontaneous folding and that of SRKKK2-mediated folding are different, even though their folding rates are similarly slow \[[@b23-11_93]\].

Hydrophobic interactions in the chaperonin cage
===============================================

All models aside from the tethering model suppose that the interaction between the denatured protein and the chaperonin cage wall is repulsive or ineffective. However, several observations suggest that the interaction of the denatured protein with the chaperonin cage wall affects chaperonin-mediated folding. The mutation of Y71 of GroES, which is exposed inside the chaperonin cage ([Fig. 1B](#f1-11_93){ref-type="fig"}) to hydrophilic residues, results in the increase in GFP fluorescence *in vivo* \[[@b49-11_93]\]. We reported that Y203 of SR1 at the hydrophobic interface of the chaperonin cage is important both in accelerating the protein folding and in preventing the escape of the denatured protein from the cage \[[@b20-11_93],[@b23-11_93]\]. It has been shown that the depletion of hydrophobic C-terminal peptides of GroEL, the largest hydrophobic portion in the chaperonin cage, results in slower folding \[[@b29-11_93],[@b30-11_93],[@b50-11_93],[@b51-11_93]\]. On the contrary, the increase in hydrophobicity in the chaperonin cage, caused by the chemical labeling of pyrene maleimide, decreases the rate of protein folding \[[@b20-11_93],[@b52-11_93]\]. The interaction between denatured Rubisco and the C-terminal peptides of the GroEL(S43C) mutant labeled with pyrene has been observed by cryo-electron microscopy \[[@b53-11_93]\]. However, it is possible that hydrophobic pyrene, labeled at the bottom of the chaperonin cage, induces excess interactions to the C-terminal peptides. Thus, the number of hydrophobic residues and their positions in the chaperonin cage would be important for the balance between protein folding acceleration and the retention of denatured proteins in the chaperonin cage.

The effect of hydrophobic interactions has also been proposed by simulation studies. Jewett *et al.* reported that weak hydrophobic interactions between the folding intermediate and the chaperonin cage wall allow iterative denaturation and folding without iterative cycling by ATP hydrolysis, provide another folding pathway, and decrease the transition energy barrier for protein folding using the coarse-grained molecular simulation of small model peptide \[[@b54-11_93],[@b55-11_93]\]. The denatured protein in the chaperonin cage has higher energy than that in spontaneous folding, as suggested by Jewett *et al.*, since the denatured protein in the chaperonin cage can intrinsically escape out of the cage and fold spontaneously ([Fig. 3](#f3-11_93){ref-type="fig"}) \[[@b20-11_93],[@b23-11_93]\]. It is known that in the spontaneous folding of large proteins, the proteins initially form non-native hydrophobic interactions (hydrophobic collapse) \[[@b48-11_93],[@b56-11_93]--[@b58-11_93]\]. If stable non-native hydrophobic interactions inhibit spontaneous folding, the destabilization of non-native hydrophobic interactions in the chaperonin would result in the acceleration of the protein folding rate. Recently, Sirur *et al.* reported the coarse-grained molecular simulation of rhodanese folding in the chaperonin cage \[[@b59-11_93]\]. They showed that when rhodanese-chaperonin interaction is included in the simulation, rhodanese folds more slowly in the chaperonin cage than it does in spontaneous folding as reported experimentally \[[@b20-11_93],[@b33-11_93]\], but when the interaction is repulsive, it folds one to two orders of magnitude faster than it does in spontaneous folding. This observation suggests that the intermolecular interaction is strong enough to offset the space restriction effect. The protrusion of denatured rhodanese out of the chaperonin cage is observed in this simulation when intermolecular interaction is included. However, polypeptide protrusion from the hydrophobic interface observed in our study \[[@b20-11_93]\] is not reproduced, since the conformational fluctuations of the chaperonin subunits are not calculated in this simulation.

Protein folding trajectory in the chaperonin cage
=================================================

To know how chaperonins accelerate protein folding, protein folding trajectories should be compared between chaperonin-mediated folding and spontaneous folding. Since many stringent substrate proteins easily form aggregates during spontaneous folding, the measurement of the folding trajectory in spontaneous folding is difficult, and only the early intermediate of spontaneous folding can be measured when the denatured protein is diluted in the buffer medium with the usual method. Lin *et al.* measured the trajectory of Rubisco folding using FRET \[[@b34-11_93]\]. They showed that the stretched denatured Rubisco bound on GroEL is compacted upon GroES binding and is subsequently extended by folding into its native state. In the initial spontaneous folding, the denatured Rubisco formed a more compact state than that in chaperonin-mediated folding. Hofmann *et al.* measured the chaperonin-mediated folding and spontaneous folding of rhodanese by FRET using confocal single molecule fluorescence spectroscopy to observe single-molecular fluorescence of rhodanese exclusively from its aggregates \[[@b33-11_93]\]. In the chaperonin cage, the C-terminal domain of rhodanese folds more slowly than it does in spontaneous folding, but the initial conformation of the folding does not change significantly. Horst *et al.* measured the folding trajectory of human DHFR refolding using amide proton-solvent deuterium exchange monitored by NMR \[[@b25-11_93]\]. The protection of amide proton exchange is not largely altered by chaperonins. Since chaperonins do not greatly accelerate the folding rate of human DHFR, it was concluded that DHFR folding is not largely affected by chaperonins except in its folding yield. Park *et al.* measured the time-course of disulfide bond formation in trypsinogen by LC-MS analysis \[[@b60-11_93]\]. Denatured trypsinogen in the chaperonin cage initially forms short-range disulfides in the primary sequence, similar to that in spontaneous folding in bulk medium, but at the latter folding step, disulfides are restructured and long-range disulfides are formed in the native state \[[@b60-11_93]\]. The fact that chaperonins do not change the initial conformation of the denatured protein significantly supports the passive model.

Recently, Georgescauld *et al.* measured the folding trajectory of DapA, an obligate substrate protein that requires chaperonins to fold *in vivo* \[[@b61-11_93],[@b62-11_93]\], by amide proton-solvent deuterium exchange pulse-labeling monitored with LC-MS analysis (HX-MS) \[[@b37-11_93]\]. The chaperonin-mediated folding of DapA is 30-fold faster than its spontaneous folding. The extent of folding acceleration of DapA is the highest among the values reported so far. In the spontaneous folding of DapA, most of the structures in the TIM-barrel domain form slowly at once. In contrast, in the chaperonin-mediated folding, a set of α-helices in the TIM-barrel domain forms rapidly and subsequently, β-sheets and other structures are formed. This type of folding was named as segmental folding. These results imply that the chaperonin cage enables α-helices to form at the early folding step, and long-distance interactions between β-sheets are formed at the latter folding step. It is known that α-helices can form immediately at the early stage of folding via the formation of hydrogen bonds within adjacent amino acids \[[@b58-11_93]\]. Interestingly, the amide protons in one α-helix of the denatured DapA are protected, indicating that this region forms α-helices from the beginning or strongly interacts with the hydrophobic apical surface of GroEL. The protection of the amide proton in the denatured protein bound on GroEL is also observed for MDH, whose folding is greatly accelerated by chaperonin \[[@b26-11_93]\]. It is possible that the hydrophobic surface in the chaperonin cage stabilizes and promotes the formation of amphipathic α-helices as shown for the model peptide \[[@b63-11_93]\]. However, these early structures are unstable and collapse easily in bulk medium, since denatured proteins released from GroEL by ATP hydrolysis without GroES cannot fold rapidly. Thus, after the denatured protein is released into the chaperonin cage, the early structures would be continuously stabilized by hydrophobic interactions in the chaperonin cage. The space restriction effect may contribute the formation of β-sheets, which are distant in the amino-acid sequence.

Summary
=======

Although it has been considered that the interaction between denatured proteins and the chaperonin cage wall does not largely affect protein folding at first, recent results of experimental and simulation studies have suggested that the hydrophobic interactions affect chaperonin-mediated folding. As described above, the mutations in the hydrophobic residues of GroEL decrease the folding rate \[[@b20-11_93],[@b29-11_93],[@b30-11_93],[@b50-11_93],[@b51-11_93]\]. These hydrophobic residues are also important in retaining the denatured protein inside the cage, but the excess hydrophobic surfaces decelerate protein folding \[[@b20-11_93]\]. The chaperonin cage intrinsically allows denatured proteins to escape out of the cage, as observed for DMMBP \[[@b23-11_93]\]. If no hydrophobic residues are exposed in the chaperonin cage, most of denatured protein could have escaped out of the cage and the chaperonin would not be able to assist protein folding. Thus, the extent of hydrophobicity in the chaperonin cage would be evolutionally determined by the balance between the retention of the denatured protein and the effect on protein folding rate. The loss of escaped denatured protein by aggregate formation is suppressed by the rapid recapture to other GroEL molecule and subsequent chaperonin-mediated folding without the actual decrease of folding rate.

It becomes apparent that the extent of folding acceleration by chaperonins is largely dependent on the substrate proteins \[[@b29-11_93],[@b34-11_93],[@b35-11_93],[@b37-11_93]\]. Protein folding is not always accelerated and even decelerated in the chaperonin cage. The chaperonin cage could be effective to accelerate the folding of a set of structural motifs found in obligate substrate proteins, such as the TIM-barrel motif in DapA and Rubisco \[[@b4-11_93],[@b61-11_93],[@b62-11_93]\], but other examples should be demonstrated. The extent of folding acceleration may be dependent on the importance of segmental folding in each protein ([Fig. 3](#f3-11_93){ref-type="fig"}). However, it is still possible that the spontaneous folding of DapA is stacked in an initial hydrophobic collapsed state, and folds through a similar folding trajectory as that in chaperonin-mediated folding. If this is true, chaperonins do not accelerate protein folding by allowing segmental folding, but destabilize the collapsed state to allow iterative denaturation and folding as suggested from simulation study \[[@b54-11_93],[@b55-11_93]\].

The recent results suggest that the hydrophobic interactions in the chaperonin cage could contribute to the chaperonin-mediated folding for the retention of the denatured protein in the restricted space, the destabilization of the non-native hydrophobic interactions formed in a collapsed state of the denatured protein, and the facilitation of segmental structure formation. The combination of the restricted space effect and the hydrophobic interactions in the chaperonin cage would result in the iterative restructuring of denatured protein. Thus, the factors assumed in all the proposed models seem to contribute synergistically in the chaperonin cage. However, these effects on protein folding would be largely dependent on the structural and folding properties of protein. It is still unclear how chaperonins change protein folding and why the folding of some proteins is greatly accelerated, but that of other proteins is not. Further experiments and simulation studies will provide new findings to answer these questions, and the controversy on the folding mechanism of chaperonins that has persisted for a quarter-century might be settled in the near future.
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![The structure of chaperonin. (A) The X-ray crystal structures of GroEL (left, PDB:1OEL) \[[@b9-11_93]\] and GroEL-GroES-ADP complex (right, PDB:1AOL) \[[@b11-11_93]\]. GroEL subunits in the upper heptamer ring are shown in various colors. The lower GroEL ring is colored in gray. GroES is colored in orange. (B) The inside surface of GroEL (left) and GroEL-GroES-ADP complex (right, the chaperonin cage). GroEL and GroES are colored as Fig. 1. Hydrophobic residues are colored in yellow. The residues forming disulfide bonds with denatured rhodanese are colored in magenta and labeled. Putative positions of hydrophobic C-terminal peptides of GroEL, which are not observed in the crystal structure, are shown in a black dotted circle.](11_93_f1){#f1-11_93}

![Schematic model of chaperonin-mediated folding. The upper rings of GroEL and GroES are colored in green and orange, respectively. Native protein (N) and denatured protein (D) are shown as a blue circle and blue curves, respectively. (A) Passive cage model and confinement model. The passive cage model assumes that the denatured protein folds in a spontaneous manner. The confinement model assumes that space restriction in the chaperonin cage accelerates protein folding. (B) Iterative annealing model. The denatured protein is unfolded upon binding to GroEL and GroES binding. The iterative action of binding and release of the denatured protein is assumed to accelerate protein folding. (C) Tethering model. The denatured protein encapsulated inside the chaperonin cage is not freely isolated therein, but still interacts with the hydrophobic residues of the chaperonin cage, forming a tethered intermediate. The hydrophobic interaction is weak enough to allow conformational changes in the denatured protein. The denatured protein folds in the chaperonin cage (in-cage folding) or escapes out of the chaperonin cage, followed by spontaneous folding (out-of-cage folding).](11_93_f2){#f2-11_93}

![Hypothetical energy profile of chaperonin-mediated folding and spontaneous folding. Free energy is shown along the vertical axis. The fraction of native structure is shown along the horizontal axis. In spontaneous folding (blue lines), the denatured protein immediately forms a compact collapsed state containing many non-native hydrophobic interactions. A collapsed state folds through a pathway containing a large transition energy barrier (blue line). A collapsed state could form irreversible aggregates (left). The denatured protein is rapidly captured by GroEL. Upon GroES and ATP binding, the denatured protein is stretched by hydrophobic interactions (tethering) in the chaperonin cage. The tethered protein in the chaperonin cage could escape out of the cage. Secondary structures, especially α-helices, form segmentally in the tethered protein, and subsequently assemble into the native protein, resulting in accelerated folding (red line). The tethered protein, which does not form segmental secondary structures, may fold in a spontaneous manner (green line).](11_93_f3){#f3-11_93}
